The electrode potentials of the Ge(II)/Ge(0) and Ge(IV)/Ge(II) redox couples in fused LiC1-KC1 eutectic were found to be --0.792 and --0.665V vs. the standard molar platinum reference electrode (SMPE). A voltammetric study of Ge (II) showed that potentials more negative than --0.80V are sufficient for electrodeposition of germanium. Chronopotentiometric reduction of Ge(II) on gold followed the Sand equation and gave evidence of alloy formation. The cell Au-Ge (12 weight per cent Ge, 1)/Ge(II) in LiC1-KC1/Ge(s) was studied, and the following parameters were determined for the alloy: ~S~ ---14.2 eu, AG~ = --1.24 kcal/mole, AH~ _--+9.00 kcal/mole. Optical and scanning electron metallographic studies were made of germanium deposited on a gold substrate.
Literature Review
Attempts to electrodeposit germanium have a long history. Winkler, who discovered the element, electrolyzed aqueous ammoniacal ammonium tartrate solutions of it (1) . Further study of the aqueous electrochemical properties of germanium was instigated by the work of Tainton and Clayton (2) who found that small amounts of germanium had a very adverse effect on the electrodeposition of zinc. Several attempts to deposit germanium from aqueous media have since been made, such as those of Hall and Koenig (3) and of Schwarz, Heinrich, and Hollstein (4) . A careful study by Fink and Dokras (5) concludes that in any aqueous medium only a thin initial flash of metallic germanium can be obtained. This is followed by hydrogen evolution since the hydrogen overpotential on germanium is low. It is thus necessary to employ nonaqueous media to electrodeposit massive germanium.
Organic baths have been used to electroplate germanium. Of these, the most popular appear to be ethylene glycol and propylene glycol. Fink and Dokras (5) produced thick adherent metal plates from solutions of GeI4 in ethylene glycol. Solutions of GeC14 in propylene glycol were used by Szekely (6) .
Fused salt media have been employed in the electrowinning of germanium from its oxide. Tressler and Dennis (7) formed metallic germanium by the electrolysis of GeO2 in molten fluogermanate or cryolite baths. Fink and Dokras (5) employed a fused tetraborate bath to obtain the metal from GeO2. BarbierAndrieux (8) did an extensive study of the electrowinning of germanium from germanium dioxide in fused salts such as germanates, borates, silicates, borosilicates, phosphates, and fluorosilicates. Bockris, Diaz, and Green (9) have discussed the production of germanium dendrites by electrolysis of a Na~B40~-GeO2 melt.
Experimental
Mater~als.--Reagent grade lithium chloride and potassium chloride (Fisher Scientific Ltd.) were purified as previously described (10) . Germanium rod (99.99%) was obtained from A.D. MacKay Inc., New York. The graphite rods used as electrodes were obtained from Union Carbide Corporation, New York (spectroscopic electrodes SPK). Gold used in the thermodynamic study of gold-germanium alloy formation was obtained in bar form from Johnson Matthey and Mallory Ltd., Toronto.
Apparatus.--The apparatus used was similar to that previously described (10) (11) (12) . The electrodes used for voltammetric scans were made of tungsten wire 5 mm long and 0.5 mm in diameter sealed in uranium glass. Potentials were measured with a Hewlett-Packard Model 3400A digital voltmeter. Voltammetric scans were made with a Metrohm-Polarecord 261 polarograph. Constant potential electrolyses were carried out with a Wenking Model 61RH potentiostat using gold electrodes.
Chronopotentiometric measurements employed a gold foil electrode approximately 0.4 cm ~ in area. The counterelectrode and reference electrode were respectively a carbon rod and a platinum (II)/platinum (0) couple in separate isolation compartments. The constant current was obtained from a Model 6525A d-c power supply (Hewlett-Packard) controlled by appropriate mercury-wetted relay switching circuitry. Traces were recorded on a Model 175A oscilloscope equipped with 1750B and 1781B plug-in units and a 196B camera (Hewlett-Packard), using ASA 3000 Polaroid film.
The gold-germanium alloy [eutectic composition, 12 w/o (weight per cent) germanium (13) ] was prepared by placing appropriate amounts of gold and germanium in a quartz boat which had been cleaned by boiling in perchloric acid. The mixture was fused under a flow of argon (dried by passage over magnesium perchlorate) in a Lindberg-Hevi-Duty 54032A furnace in conjunction with a Lindberg-Hevi-Duty 59344 temperature controller. In the thermodynamic study, the alloy was held in a Pyrex cup which was attached to a glass rod. Electrolytic contact with the alloy was made with a tungsten wire sealed in uranium glass. The germanium bar used as a reference electrode was suspended from a platinum wire sealed in a Pyrex tube.
The topography of the germanium deposit on a gold substrate was studied using both optical and scanning electron microscopes: a Carl Zeiss Ultraphot(III) Metallograph, a photographic metallurgical microscope (Carl Zeiss Oberkochen, Wuertt., West Germany), and a Stereoscan $4 scanning electron microscope (Cambridge Scientific Instruments Ltd., Cambridge, England).
Procedure.--The procedure used for carrying out the coulometric oxidations and measurements under argon has been previously described (11, 12) . The germanium rod was anodized to give solutions of germanium(II), which could be further oxidized to germanium (IV) at a carbon electrode after the germanium rod had been removed. Measurements of potential were made against a platinum (II) /platinum (0) reference electrode and all potentials given in this paper are with reference to the standard molar platinum electrode (SMPE) (14) .
In order to obtain reproducible voltammetric curves, it was found necessary to hold the tungsten microelectrode at positive (chlorine evolution) potential for a few moments before each scan. This was done in the bulk melt. Similar procedures were found necessary to obtain reproducible chronopotentiometric curves. The solutions of Ge(II) were prepared coulometrically. The gold electrode was anodized until all deposits of germanium were removed, i.e., until chlorine evolution just began. It was necessary to carry out this procedure carefully and at low current density (~50 mA/cm 2) to avoid appreciable anodization of gold into solution. The electrode was then momentarily anodized at this potential, the current was shut off, and the compartment stirred by rotation of the flag. Cathodic chronopotentiometric curves were all run 30 sec after cessation of the anodic current.
In the thermodynamic study of gold-germanium alloy formation, which was a study of the cell: Au-Ge alloy/Ge(II) in LiC1-KC1/Ge, the previously prepared LiC1-KC1 eutectic was fused and filtered in order to remove any magnesium present, as magnesium ribbon was used in melt preparation. A 0.2M solution of Ge (II) was prepared in situ by electrolytic anodization of germanium; the resulting solution was thoroughly stirred after cessation of Ge(II) generation. The solution temperature was monitored with a calibrated Chromel-Alumel thermocouple sheathed in a Pyrex tube. The germanium bar, alloy holder, and thermocouple were placed as close together as possible to minimize thermal gradients. Potential-time measurements were made every 2 hr after a new temperature setting had been made. The experiment was conducted under a static dry argon atmosphere. The thermocouple effect of the electrodes was determined in a separate experiment, and this potential was subtracted from the observed cell potential.
The cross-sectional sample used in the optical microscopic examination was prepared by imbedding a germanium-plated gold specimen edgewise in plastic. The sample was then polished, progressing from a coarse abrasive to a polishing lap using 0.05 ~m A1203 (Linde B). The germanium-plated gold specimen was prepared by electrolytic reduction of solutions of Ge(II) at a constant potential of --0.86V. Germanium(II) solutions were prepared by coulometric oxidation of a germanium bar. Germanium plate thickness was determined with a filar micrometer eyepiece attached to a Tukon Tester (Wilson Mechanical Instrument Company, New York).
Results
Potentiometry.--A total of 27 concentration-potential data points were obtained from four separate coulometric oxidations of the germanium bar electrode at 450 ~ • I~ The concentration of Ge(II) ranged from 0.001 to 0.1M. A plot of electromotive force as a function of the logarithm of coulombs used was linear and had a slope of 0.075 • 0.006 V/log unit, in agreement with the theoretical value of 0.072 V/log unit expected for a two-electron process at this temperature. The potentials became stable rapidly, usually within 5 min after cessation of the electrolysis and gentle stirring.
The standard potential was calculated in the usual manner (10) and is reported with respect to the appropriate standard platinum electrode on the molar, molal, and mole fraction scales in Table I . The conventions and standard states used in this table have been described elsewhere (14) .
Further coulometric oxidation of the germanium(II) solutions at a carbon rod produced visible bubbles at the rod at polarization potentials significantly less than that of chlorine evolution, suggesting the formation of volatile GeC14 (bp, 84~
Linear plots of electromotive force against logarithm of concentration ratio could not be obtained or had unreasonably low slopes, as would be expected if GeC14 volatilized from the melt. Steady and rapid drifting of the observed potentials in the negative direction also support this interpretation. By taking values as rapidly as possible, this problem could be reduced but not avoided. Using eight points from two runs taken under the best possible conditions and assuming the two-electron oxidation, we calculate standard potentials of --0.664, --0.666, --0.664,--0.667V (Run I) and--0.666,--0.667,--0.665, --0.663V (Run 2), these values being given in order of increasing generation. The average is --0.626V, standard deviation 0.022V. The systematic deviation is due to loss of GeC14. Attempts to cathodize germanium metal into solution were not successful. The only reaction observed was lithium deposition on the germanium, at approximately the standard potential of the Li(I)/Li(0) couple (14) .
Voltammetry.--A voltammetric scan of the electrolyte alone indicated a limiting anodic current at about W0.2V (chlorine evolution), a limiting cathodic current at --2.6V (lithium deposition), and a sharp cathodic peak at --0.56 • 0.05V. This cathodic peak was not due to melt impurities but was highly sensitive to electrode treatment and history. Elimination of the prescan anodization reduced the peak to about 5% of its previous value. This peak is attributed to the reduction of adherent insoluble polymeric chloride films (15) formed when the tungsten microelectrode was anodized in the bulk melt.
Addition of germanium(II) to this melt (by anodization of a germanium rod) produced an additional cathodic wave whose half-wave potential was --0.76V, in reasonable agreement with the standard potential, --0.79V, of the germanium(II)/germanium(0) couple as shown in Fig. 1 . The wave height increased with addition of germanium(II) but the relationship was not strictly linear. Curve A in Fig. 1 shows the latter stage in the reduction of the insoluble polymeric chlorides at potentials less than --0.74V, followed by Ge(II) reduction. Curve B represents a voltammetric scan for which the tungsten microelectrode was not preanodized in the bulk melt. When the scan was first made toward more negative potentials, then reversed, an anodic process began to appear at about --0.75V, corresponding to the reoxidation of the deposited germanium (Fig. 2) . This study indicates that constantpotential electrodeposition of germanium should be possible at potentials more negative than --0.8V.
Chronopotentiometry.--In order to attempt to observe the behavior of Ge(II) deposition in the melt under constant current electrolysis conditions, a chronopotentiometric study was carried out. Chronopotentiometric curves were run at current densities between 12 and 40 mA/cm 2. A typical curve is shown in Fig. 3 . The transition region indicated as B was welldefined in all cases. The transition (s) at C and beyond were poorly defined at low current densities but became more distinct at current densities greater than 25 mA/cm 2. The length of the first transition was taken from the origin, A, to B, although an initial dip close to A was observed on all curves. We now believe that this initial dip is due to formation of surface Au-Ge alloy. The transition B is ascribed to the exhaustion of Ge(II) at the electrode surface in the usual manner. The Sand equation iz'/~ : J./z~',/2 nFADV~C is obeyed for this process as shown in Fig. 4 , and from the data of Table II the diffusion coefficient of Ge(II) was calculated to be 2.2 X 10 -5 cm2/sec, in reasonable agreement with values for other divalent ions in this solvent (16) .
Using low current densities, and careful observation of the electrode during chronopotentiometry, it was observed that the clean gold electrode took on a bright, mirror-Like silver finish soon after cathodic current flow began. With continued electrolysis the finish continually dulled, until after the end of the first transition, B, when massive black deposits began forming. These deposits, unlike the initial finish, did not adhere to the electrode and could be knocked off by gentle stirring.
The data for the transitions observed is given in Table IT . Measurement of Er/4 data was difficult due to the fact that not all chlorine generated in the vicinity of the gold electrode could be removed. This led to varying initial values of potentials. To circumvent this problem, the "true" potential of this point was taken from the chronopotentiogram where the lowest current density was used to anodize the germanium from the gold electrode. All potentials were then measured from this point. At low current densities (less than 17 mA/cm 2) no transition other than the first could be defined. At higher current densities, other transitions became noticeable, especially a we11-defined second one. It has been shown by Berzins and Delahay (17) that the Sand equation for a second transition is given by
A plot of lli vs. ('el + ~2) ~ --"el '/~ was made for the second transition, but it was found that no linear relation existed, and hence the electrode process occurring was not diffusion-controlled. The formation of the black massive germanium deposit noted at the end of the first transition (B in Fig. 2 ) permits the nonlinearity of the plot (n -{-z2) ~ --T1 ~' vs. 1/i to be ascribed to the rapidly changing electrode area upon which the germanium was being deposited. Third transitions were noted at large current densities. These were ill-defined, again probably due to rapid electrode area changes.
Thermodynamics of gold-germanium alloy fovmation.--The gold-germanium phase diagram has been
established (16) and shows simple eutectic formation at 12 w/o germanium. Using this alloy composition, the potential of the cell Au-Ge (12 w/o Ge,1)/Ge(II) in LiC1-KC1/Ge(s) was studied over the temperature range 400~176
A preliminary study of the cell showed that Ge(II) is not stable in the LiC1-KC1 melt over extended periods of time when a flow of argon is maintained above the cell assembly; germanium needles grew from the germanium bar and the interior of the upper, cool portion of the apparatus became coated with a white material, presumably GeC14. It was concluded that Ge(II) disproportionates to Ge(IV) and the metal, i.e. 2Ge(II) ~ Ge(0) -t-Ge(IV), where Ge(IV) exists as germanium tetrachloride gas. From the standard potentials of the Ge (II)/Ge(0) and Ge(IV)/Ge(II) couples, the equilibrium constant for the disproportionation reaction is calculated to be 1.69 • 10-" 1 mo1-1. Thus for a 0.02M solution of Ge(II), a concentration of Ge(IV) equal to 7.0 • 10-GM is required to maintain equilibrium conditions; however, since Ge(IV) is volatile as GeC14, the disproportionation reaction is slowly forced to the right. To minimize this effect a static argon atmosphere over the cell was necessary; otherwise, the Ge(II) concentration was reduced to the point where reversible potentials were not obtained.
The temperature-potential measurements of the alloy cell are shown in Fig. 5 . Data were taken by alternately raising and lowering the temperature; no hysteresis in the cell potential was observed. The cel] potential at any given temperature was constant (within 0.1 mV over a 15-rain interval). These facts, together with the observation that the equilibrium cell potential recovered its initial value after passage of small amounts of current in either direction through the cell, indicated that the system was reversible. The potential at both the Ge(s) and Au-Ge (12 w/o Ge, 1) electrodes is dictated by the concentration of Ge(II) in solution, since the extent of the reaction 2Au + Ge(II) ~ Ge ~-2Au(I) is small as can be seen from the standard potential of the Au(I)/Au(0) couple, +0.205V (14) .
The entropy of alloy formation can be determined from the slope of for the thermocouple effect of +9.4 mV) at 723~ and aCe(alloy) is the activity of germanium in the alloy, which was calculated to be 0.426 • 0.010. Defining as the activity coefficient of germanium in the alloy and X as the mole fraction of germanium in the alloy, then aGe(alloy) ---~ -yX(where X --0.270) gives a value of -y ~ 1.57 • 0.03. Table III gives a comparison of the thermodynamic properties measured in this work with those of other Au-group (IV) element alloys (19, 20) . It should be noted that the interaction between gold and germanium is small as are the interactions between gold and tin and gold and lead. The dip shown at A in Fig. 3 corresponds to a shift of approximately 50 mV in potential. The open-circuit potential corresponding to the standard free energy of gold-germanium alloy formation was found to be 26.8 mY. The gold-germanium composition at A is not exactly known but the 50 mV potential shift at A strongly indicates gold-germanium alloy formation.
Using a current density of 50 mA/cm 2 for approximately 3 sec, Ge(II) was plated on to the gold electrode and this plate was then anodized. The ET/4 for the anodic chronopotentiogram was --0.46V as compared to Er/4 for the reduction chronopotentiogram which was of the order of --0.84V. The potential of the anodic chronopotentiogram did not rise sharply, i.e., oxidation of germanium was extended over a large period of time. This behavior is also indicative of alloy formation.
Optical metallography of deposited germanium.- Figure 6 is a cross-sectional photomicrograph of germanium deposited onto a gold substrate as previously described. The gold substrate, originally 250 ~n in width, was found to be 160 ~m wide. The outer layers had a total width of 340 ~m. The germanium layer is not pure germanium but is a gold-germanium eutectic as can be discerned by its structure (21) which resembles pearlite. In several regions the germanium had penetrated the gold band so that both outer layers were connected; these connections were blue-gray in color. reduction potentials of both have been measured. G e r m a n i u m metal can be electrodeposited from this melt, but the reduction process on gold is complicated by alloy formation. The thermodynamics of this alloy formation have been studied.
Fig. 6. Photomicrograph of cross section of Ge deposited on gold
Needle-like deposits of germanium were obtained in all experiments utilizing constant potential as the mode of electrodepositing germanium. The needles varied up to 1 cm in length and up to 200 ~m in width, and grew from the gold-germanium interface into the solution.
Scanning electron microscopy o~ deposited germanium.--The samples were obtained either by allowing the sample to slowly cool in the eutectic as the eutectic froze, or by withdrawing the sample from the eutectic melt and cooling it to room temperature. Samples obtained with slow cooling were much smoother than those obtained on rapid cooling. Use of more reducing, i.e., more negative potentials gave rise to rougher surfaces than use of a less reducing potential.
A photomicrograph of a sample obtained by constant-potential electroreduction of a solution of G e ( I I ) at --0.85V followed by rapid sample cooling showed surface cracks. These cracks produced by the rapid sample cooling were at least 3 ~m deep and showed that the g o l d -g e r m a n i u m deposit was layered.
Conclusion
The oxidation states of germanium stable in the LiC1-KC1 melt at 450~ are -[-2 and -{-4. The standard
